This paper describes a new approach for reduction of environmentally induced vibration in constructed facilities by way of a neuro-fuzzy technique. The n ew control technique is presented and tested in a numerical study that involves two types of building models. Energy of each building is dissipated through magnetorheological (MR) dampers whose damping 
INTRODUCTION
Protection of civil engineering structures from excessive vibration due to uncontrollable events-environmental and otherwise-is important for the purpose of increasing survivability of the constructed facility and protection of its human occupants. Vibration control of buildings is accomplished primarily through reduction of interstory drift, lateral floor acceleration, and column base shear. In most cases, control of building vibration is employed through modification of stiffness, damping, or mass of a structure. The amount of energy required to change stiffness and mass of a full-size structure is typically large enough to be both economically and technologically prohibitive. However, damping of a structure can be modified with a relatively small energy requirement. Thus, semi-active control schemes that involve variable damping devices are ideal for use with civil engineering applications [see, for example, Dyke et al. (1996b) ; Patton (1997); Kurata et al. (1999) ; Symans and Kelly (1999) ].
A magnetorheological (MR) damper is a semi-active device that shows great potential for use in vibration control of full-scale structures. The device resembles an ordinary viscous damper, is filled with MR fluid, and has one or more electromagnetic coils wrapped around the piston head. The fluid contains very small magnetically polarizable particles that allow properties of the fluid to change dramatically according to the strength of an accompanying magnetic field (Dyke et al. 1996b ). Thus, when no current is supplied to the coil wrapped around the piston head, the MR damper behaves as an ordinary viscous damper. On the other hand, when current is sent through the coil and produces a magnetic field, the MR fluid becomes semi-solid (Dyke et al. 1996b; Carlson and Spencer 1996; Spencer et al. 1997 ). This phenomenon occurs as the result of the particles being suspended in the fluid and aligning themselves parallel to the direction of the magnetic field.
Yield strength of a magnetorheological damper is directly proportional to the strength of the electromagnetic field applied to the MR fluid. In turn, the electromagnetic field is directly proportional to the voltage applied to the MR damper. The proper magnitude of voltage supplied to the coils as mandated by a control algorithm produces an appropriate resisting force for the damper to mitigate vibration of a structure. Application of MR dampers to control of vibration has been applied to reduction of bridge motion by Hansen et al. (1994) and to mitigation of wind and seismic effects on tall buildings by Zhang and Roschke (1999) and Jansen and Dyke (1999) , respectively.
One important benefit of an MR damper is its capacity to operate from a remote power source such as a chemical battery, thus increasing its viability during destructive environmental events. A sensory device that exhibits similar bene fits in terms of reliability is the accelerometer. It is a durable measuring device with a small power requirement.
Accelerometers are widely available and are relatively inexpensive. Use of acceleration feedback control in structural applications has been shown to be a feasible and successful method to reduce vibration of civil engineering structures (Dyke et al. 1996a; Chung et al. 1998 ).
This paper accomplishes two objectives: first, a fuzzy controller based on acceleration feedback is developed to reduce vibration of seismically excited buildings equipped with MR dampers. Second, a numerical study is presented that compares performance of the introduced semi-active control scheme with passive control strategies of comparable control force. The first section of this paper describes the theory and structure of the proposed fuzzy controller based on acceleration feedback. The second section applies the control technique to a single degree of freedom (DOF) building model and evaluates its performance v ia numerical simulation. Similarly, the third section applies the control method to the more complex and realistic case of a multiple DOF building model. The concluding section comments on significance of these results for control of undesirable vibratio n in constructed facilities designed by civil engineers.
THEORY AND STRUCTURE OF FUZZY CONTROLLER
Effectiveness of the proposed fuzzy controller is dependent on defining a correlation between acceleration of a vibrating building and a control signal (voltage) applied to an installed MR damper(s). This correlation is defined by means of a fuzzy-mapping that is implemented according to the neural network architecture of ANFIS (adaptive neuro-fuzzy inference system) that was developed and introduced by Jang (1993 Jang ( , 1996 and Jang et al., (1997) .
The following steps outline the design procedure used for design of the fuzzy controller:
1. Create a target controller for use with a specified structure.
2. Integrate the target controller with a model of the building and damper.
3. Collect time histories of building acceleration and voltage produced by the control system during a representative disturbance.
4. Use ANFIS to create a fuzzy controller that is defined by training data collected in
Step 3.
5. Replace the target controller with the newly developed fuzzy controller.
6. Test the new acceleration feedback controller by means of copious computer simulations.
A more detailed description of the design procedure follows.
TARGET CONTROLLER
The acceleration feedback fuzzy controller outlined here is based on a strategy of mimicking an expert according to a design method known as expert control. Traditionally, an expert is defined as a human operator. Through a process of knowledge acquisition involving lengthy interviews with human o perators and numerical observation, a set of linguistic descriptors (membership functions) and if-then rules are defined to construct a fuzzy inference system (Jang et al. 1997; Yen and Langari 1999) . The goal of this process is to create a fuzzy controller that closely emulates, and can therefore replace, a human operator (Mamdani and Assilian 1975; Takagi and Sugeno 1983) . With recent advances of computer technology and development of neuro-fuzzy tools such as ANFIS, experts of greater complexity and higher dimensionality are now within the scope of emulation. One such set of "experts" whose structure and behavior is well understood is the vast collection of classical and modern control algorithms. Techniques such as PID control, quadratic optimizations (e.g.
LQR)
, and various classes of robust control schemes are now viable models for creation of a fuzzy-based expert controller. This new concept of expert control forms the basis for development of the proposed fuzzy controller.
DESCRIPTION OF CONTROL SYSTEM
The block diagram in Fig. 1 illustrates how the concept of a target controller is implemented. The diagram consists of four components; first is a linear and time invariant, state space model of a building structure (Soong 1990 ) that has the following form: 
where x is the state vector of the system, u is the input vector of the structure. In this case, u is taken to be the sum of an earthquake force, E, and force from the MR damper(s), U mr . y is the output vector. A and B are matrices that define characteristics of the building, while C and D dictate the form of output produced by the solution of (1). The second component of the block diagram is a target controller that defines a desired control force, U d , based on dynamics of the vibrating structure.
The remaining two components of Fig. 1 function as a unit and are referred to as an ASAC (Active to Semi-Active Converter). The function of the ASAC is to convert a desired control force-produced by the target controller-to an actual control force resulting from a magnetorheological damper (Schurter 2000) . This conversion is necessary because, in the field of structural vibration control, most classical and modern control algorithms manifest themselves as active control strategies. The target controller is created without regard to semi-active control requirements of a structure equipped with magnetorheological dampers.
An ASAC remedies this incompatibility of control theories. As a result of the conversion process, only portions of an active control signal can be used to specify operation of a semiactive device. Usable portions of the active control signal are consistent with the dependence on force and velocity that is characteristic of classical damper behavior.
The first element of the ASAC is an inverse damper model that is based on a modified version of the Bingham viscoplastic model (Stanway et al. 1985 (Stanway et al. , 1987 Shames and Cozzarelli 1992 , , and V. Many options exist when defining the structure of the forward damper model. Spencer et al. (1997) present several mechanical models for emulation of the complex behavior of MR dampers. For this paper, however, the forward damper model is based on a fuzzy representation developed by Schurter and Roschke (2000) that is both accurate and computationally efficient. Thus the inverse and forward models act together as an ASAC to transform an active control signal produced by the target controller into a signal that is consistent with behavior of a magnetorheological device. For a more detailed investigation of the ASAC, refer to Schurter (2000) .
TRAINING OF THE FUZZY CONTROLLER
The system represented in Fig. 1 
FIG. 2. Block Diagram for Control Feedback Loop Containing Fuzzy Controller
performance of the fuzzy controller to be assessed.
EVALUATION OF CONTROLLER PERFORMANCE
Six arithmetic expressions are defined to quantify performance of the fuzzy controller.
These expressions are based on those defined by Ohtori et al. (1999) . They measure peak and normed response of the building with respect to interstory drift, lateral acceleration, and base shear. Small values of each index are generally considered more desirable. Each expression is presented in Table 1 in a general form and is appropriate for use with multiple DOF building models. The expressions can be specialized for use with single DOF models. Note that the base shear indices for the single DOF case are not shown since they are synonymous with the acceleration indices.
The first three performance indices address peak interstory drift (J 1 ), peak acceleration (J 2 ), and peak base shear (J 3 ) of the building where i is building story, d i (t) is interstory drift for the duration of the earthquake, and h i is the height of each associated story. 
EXAMPLE 1: SINGLE DOF BUILDING
For purposes of illustration, an idealized single DOF structure with an installed MR damper and an attached accelerometer is subjected to a seismic excitation as shown in Fig. 3 .
The MR damper model has a peak force capacity of approximately 2.5 kN and a voltage input range of 0-2.25 V. A target controller is chosen in the form of a linear quadratic statefeedback regulator (LQR). Relevant parameters of the control system are listed in Table 2 .
COLLECTION OF TRAINING DATA
According to LQR theory, an optimal gain matrix ? is obtained when control force u(t) = -?? x(t). ? is determined such that the quadratic cost function 
is minimized for the state space model of the building. Generally, Q is a 2n ? 2n symmetric, Chung et al. (1998) show that while acceleration feedback control is typically unsuccessful when only data for the current time-step are used, it "becomes feasible when the feedback data is extended to cover accelerations of the previous time-steps." The fuzzy controller, therefore, uses input acceleration feedback data from the current time-step, ? ? t x? ? , and one past time-step, ? ?
TRAINING OF FUZZY CONTROLLER WITH ANFIS
, where ? is a selected delay time of the acceleration signal. By an iterative optimization process, the optimal delay time, ? opt , is determined to be 0.230 seconds.
A process of trial and error determines the optimal number of membership functions 
EVALUATION OF CONTROLLER PERFORMANCE
After the fuzzy controller is fully trained, it is integrated with the building and damper models (as shown in Fig. 2 ) and tested for its ability to reduce building vibration. The building is subjected to one artificial earthquake (similar to that used for training of the fuzzy controller) and the following four historic earthquakes of variable intensity and duration: 
FIG. 4. Control Surface for Fuzzy Controller
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DISCUSSION OF RESULTS
From Table 3 it is observed that all of the tested control schemes are successful in reducing dynamic response of the building for each earthquake. Thus it is shown that by increasing the damping of a single DOF system, both peak and normed responses of displacement and acceleration of the system are diminished. According to Table 3 , control of the building by increasing its damping is most pronounced during the artificial and Hachinohe earthquakes. These are the least intense of the records. Effectiveness of increased damping is lowest during the Northridge and Kobe earthquakes. The two near-field records exhibit the most intense acceleration signals of the earthquakes considered.
The information contained in Table 3 is especially interesting when performance of the three control schemes is considered. For every earthquake and every performance index, greatest control is attained when the dampers are set to the passive-on configuration. In this scenario, the dampers produce their maximum possible force. Displacement and acceleration responses of the building are reduced more using the higher control force than when the passive-off or semi-active control strategies are enforced. The least effective form of control is the passive-off configuration, while performance of the semi-active scheme is intermediate According to the definition of control performance used here, it is concluded that semiactive control is not an optimal control strategy for vibration reduction of a single DOF building. In a situation where no limitation exists on magnitude of the damping force, a passive system surpasses performance of a semi-active system when the upper limit control force of the two controllers is equal. Validity of this statement is based on two primary assumptions:
?? The building is modeled as a linear, time invariant, single DOF structure.
?? Evaluation criteria for control are based solely on reduction of peak and normed measurements of lateral displacement and acceleration of the building.
Variation from these key assumptions may nullify the above conclusion.
Based on this finding, the best device for control of a single DOF system is not a magnetorheological damper. MR dampers require development of a semi-active control algorithm and an electric power source. When an MR damper remains in the passive-on configuration (with voltage set to a level of saturation) for an extended amount of time, large amounts of heat are produced by the constant current passing through the device. Long-term operation under such extreme circumstances would severely shorten the life of the damper. In practice, voltage to an MR damper is zero during a majority of its operation. It is designed to easily accommodate short periods of activity such as during a seismic event. A typical passive damper is a more appropriate device for vibration control of a single DOF structure.
Mechanical properties of a passive damper are constant and do not require an external power source making it ideal for long-term use when a constant level of damping is desired.
Comparison of passive and semi-active control is made again in the following example that involves a multiple DOF building model.
EXAMPLE 2: MULTIPLE DOF BUILDING
The fuzzy controller developed in this example determines the voltage signal sent to a single MR damper that is installed in a multiple DOF building. The voltage is a function of the acceleration of all of the floors. A simplified rendition of the laboratory-building model, damper, chevron brace, four accelerometers, and direction of the seismic disturbance is presented in Fig. 6 . The MR damper is located between the ground and first floor. In this location, it has been found to be most effective in reducing overall dynamic response of the structure (Subramaniam 1994; Jansen and Dyke 1999) . Parameters of the 4-DOF building model are specified to resemble a scaled model of a tall, slender building with natural frequencies of 1. 08, 3.91, 8.34, and 13.65 Hz for the first four modes of vibration. As with the previous example, the target controller is chosen to be a linear quadratic state-feedback regulator (LQR). Relevant parameters of the control system are listed in Table 4 . Data for training of the fuzzy controller are acquired in a manner identical to that used in the previous example.
TRAINING OF FUZZY CONTROLLER WITH ANFIS
Based on the input selection of the previously designed fuzzy controller, an analogous set of inputs for the multiple DOF building is an instantaneous and time-delayed acceleration reading from each of the four accelerometers for a total of eight input variables. By an Table 1 . Results of the simulations are shown in Table 5 . 
DISCUSSION OF RESULTS
For most cases presented in Table 5 , each of the three damper configurations improves control of the building according to the six performance criterion. Improvement is indicated by a performance index that is less unity. Only six of the 90 performance indices shown in the table are greater than unity. These are associated with peak responses of absolute acceleration and base shear of the structure. The six anomalous indices do not seem to be associated with any particular control scheme or earthquake. Generally, in comparison with response of the uncontrolled building the table reflects an overall improvement of structural response for all excitation and control cases.
First, differences between the passive-off and passive-on control schemes are examined.
Generally, the passive-on strategy results in improved control of the building. However, for 30% of the cases, performance of the passive-off configuration is superior. (Note that a given earthquake and a performance index define a case.) These typically occur for measures of acceleration and base shear of the structure indicating that in some cases, an increase of damping force does not improve dynamics of the building. This fact is contrary to the A more interesting comparison occurs between the semi-active strategy of the fuzzy controller and the two passive strategies. 30% of the cases (signified by bold type in Table 5) show that the semi-active control scheme is better at reducing vibration of the building than either of the corresponding passive approaches. Four of the five cases associated with the J 5 index demonstrate this superiority of the variable damping strategy. Recall that J 5 provides a measure of improvement for the normed acceleration response of the building.
Five of the six cases associated with the El Centro disturbance show optimum control to be exhibited by the semi-active configuration. The cause of this apparent trend is no t clear. It might be a reflection of the earthquake type (near field) or might be related to its magnitude and frequency content.
The fact that very few strong trends exist in the data of Table 5 makes the statement of broad generalizations imprudent. Nevertheless, some conclusions can be drawn:
?? Overall, the passive-on strategy is the most successful form of control when all aspects of performance are considered. ?? The semi-active scheme dictated by the fuzzy controller is optimum if reduction of normed absolute acceleration is of most interest.
Effectiveness of the semi-active control scheme with respect to reduction of acceleration is not unexpected and is supported through the consideration of extreme circumstances.
Suppose the damper located at the bottom floor of the building is passive in nature and exhibits very high damping with respect to the structure. On a global scale, the building behaves in a more rigid manner consequently decreasing the amount of interstory drift of the structure. Concomitantly, an increase of rigidity results in higher floor accelerations and therefore higher base shears within the building. Thus, a tradeoff is established between various control objectives. A well-designed semi-active control scheme should balance benefits of the different objectives within the requirements of the specific design scenario.
Reduction of building acceleration is important in situations where occupant comfort is a high priority. A circumstance where control of acceleration takes precedent over control of drift and base shear often arises with the design of very tall and slender buildings. Referring to Table 5 , it is seen that optimum results are linked with the semi-active scheme for two of the five cases associated with peak acceleration. Hence, the argument is further reinforced for use of a variable damping strategy when acceleration control of a tall building is the greatest concern. According to these results, one of the most promising opportunities for research in the field of magnetorheological dampers lies in their application to tall building design. 
CONCLUSIONS

